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We study experimentally the dependence of dynamic nuclear spin polarization on the power of
non-resonant optical excitation in two types of individual neutral semiconductor quantum dots: In-
GaAs/GaAs and GaAs/AlGaAs. We show that the mechanism of nuclear spin pumping via second
order recombination of optically forbidden (”dark”) exciton states recently reported in InP/GaInP
quantum dots [Phys. Rev. B 83, 125318 (2011)] is relevant for material systems considered in
this work. In the InGaAs/GaAs dots this nuclear spin polarization mechanism is particularly pro-
nounced, resulting in Overhauser shifts up to ∼80 µeV achieved at optical excitation power ∼1000
times smaller than the power required to saturate ground state excitons. The Overhauser shifts ob-
served at low-power optical pumping in the interface GaAs/AlGaAs dots are generally found to be
smaller (up to ∼40 µeV). Furthermore in GaAs/AlGaAs we observe dot-to-dot variation and even
sign reversal of the Overhauser shift which is attributed to dark-bright exciton mixing originating
from electron-hole exchange interaction in dots with reduced symmetry. Nuclear spin polariza-
tion degrees reported in this work under ultra-low power optical pumping are comparable to those
achieved by techniques such as resonant optical pumping or above-gap pumping with high power
circularly polarized light. Dynamic nuclear polarization via second-order recombination of ”dark”
excitons may become a useful tool in single quantum dot applications, where manipulation of the
nuclear spin environment or electron spin is required.
I. INTRODUCTION
In all III-V semiconductor materials the atoms of
the lattice possess non-zero nuclear spins and, as a re-
sult, have non-zero nuclear magnetic moments. Nuclear
magnetism has almost no effect in classical optoelec-
tronic semiconductor devices, but becomes an impor-
tant factor in nano-scale devices, particularly in semi-
conductor quantum dots (QDs) where quantum degrees
of freedom of single charge particles and photons are ad-
dressed. The major effect associated with nuclear mag-
netism is electron-nuclear (hyperfine) interaction. In
quantum dots nuclear spins are capable of producing ef-
fective (Overhauser) magnetic fields as large as a few
tesla, which has a dramatic effect on the quantum me-
chanical evolution of the electron trapped in the dot
(see recent reviews1–4). As a consequence a consider-
able effort has been put recently into understanding as
well as controlling nuclear magnetism in semiconductor
nanostructures5–9.
One very basic operation required to control nuclear
spins is dynamic nuclear polarization (DNP) - a process
that can produce a controllable non-equilibrium align-
ment (polarization) of nuclear spins along a certain di-
rection (usually the direction of external magnetic field).
DNP is based on the hyperfine interaction with electrons:
if electrons are spin-polarized (e.g. by optical orienta-
tion) they can transfer their polarization to nuclei via
flip-flops5,10–18. The main obstacle in achieving high nu-
clear spin polarization degrees is a mismatch in Zeeman
splittings of electrons and nuclei that reduces the DNP
efficiency: the electron has much larger g-factor than the
nucleus and thus electron-nuclear flip-flop requires addi-
tional energy to be absorbed or emitted.
Several approaches for enhancing DNP efficiency have
been demonstrated in quantum dots. For example con-
tinuous fast injection and removal of spin polarized elec-
trons from the QD can increase the number of electron-
nuclear flip-flops thus compensating for the low proba-
bility of such process. This can be achieved using non-
resonant pumping with circularly polarized light of a
power sufficiently high to overcome fast depolarization
and optical recombination of electrons12,16. Alternatively
resonant optical excitation can be used to induce second-
order (forbidden) processes. The key feature of this ap-
proach is direct compensation of the electron-nuclear Zee-
man energy mismatch by the energy of the absorbed pho-
ton, which does not involve high population probability
of the dot19–22.
Here we study experimentally a different mechanism
of DNP, where spin polarization is transferred to nu-
clei from long-lived optically-forbidden (”dark”) exci-
tons in neutral QDs16,23,24. Due to their long lifetime
dark states can be efficiently populated even with non-
resonant low-power optical pumping (∼1000 lower than
the power required to populate optically-allowed states).
Furthermore, second-order recombination with simulta-
neous nuclear spin-flip can be a dominant process for
dark exciton decay since any competing radiative re-
combination is very weak. As a result second-order re-
combination of dark excitons becomes an efficient DNP
mechanism: we find that in InGaAs dots it leads to
nuclear polarization characterized by Overhauser shifts
2of up to ∼80 µeV (fully polarized nuclei would lead
to the Overhauser shift in the range 120÷300µeV de-
pending on indium concentration4,25,26). In the stud-
ied QDs such an Overhauser shift corresponds to an ef-
fective magnetic field of ∼3 tesla. Combined with our
previous work on InP/GaInP QDs16 the current results
obtained on GaAs/AlGaAs and InGaAs/GaAs dots al-
low us to conclude that DNP via dark excitons is a phe-
nomenon universal for neutral QDs. Due to its unde-
manding requirements (only low power non-resonant ex-
citation is needed) DNP via dark excitons may become
a versatile tool for controlling nuclear magnetic environ-
ment in quantum dots used to implement electron/hole
spin qubits18,20,22,27–37. Moreover due to its universality
and high efficiency this DNP mechanism should also be
taken into account in those cases where DNP needs to be
avoided.
The rest of the paper is organized as follows: In Section
II we describe experimental techniques and quantum dot
samples used. In Sec. III we discuss photoluminescence
(PL) spectra of the studied QDs with particular focus on
PL of dark excitons. The main results on DNP in neutral
QDs are presented in Sec. IV in the following order: In
Sec. IVA we describe the techniques used to detect the
Overhauser shift in single QDs using PL spectroscopy.
In Sec. IVB we present experimental results on DNP in
InGaAs/GaAs QDs and discuss the mechanism of DNP
via second-order recombination of dark excitons. In Sec.
IVC the results on DNP in GaAs/AlGaAs dots are shown
and the difference of the DNP processes in InGaAs and
GaAs dots is discussed. The paper is concluded in Sec.
V, with additional experimental data shown in Appendix
A.
II. QUANTUM DOT SAMPLES AND
EXPERIMENTAL TECHNIQUES
The experiments were performed on neutral quantum
dots in InGaAs/GaAs and GaAs/AlGaAs nominally un-
doped samples. Both structures were grown by molecu-
lar beam epitaxy (MBE). GaAs/AlGaAs interfacial dots
were formed by a monolayer (ML) fluctuations of a
9 ML GaAs quantum well embedded in Al0.3Ga0.7As
barriers (further details on this sample can be found in
Refs.38–40). The self-assembled InGaAs/GaAs dots emit-
ting at λ ∼914 nm were grown in a low Q-factor (Q∼250)
cavity that enhances the quantum dot luminescence sig-
nal (See details in Ref.40,41).
The structures were investigated using micro-
photoluminescence (µ-PL) spectroscopy of single neutral
quantum dots. All experiments were carried out in a he-
lium gas-exchange cryostat at T=4.2 K. The sample was
excited by the laser focused by an aspheric lens into a
spot ∼1 µm in diameter. The same lens was used to
collect the PL signal which was then analyzed by a dou-
ble spectrometer with a 1 meter working distance and
equipped with a back-illuminated deep-depletion charge-
coupled device (CCD) camera. The excitation energy
was chosen to match wetting layer for InGaAs dots
(Eexc=1.46 eV) and was above the quantum well ground
state energy (Eexc=1.73 eV) for GaAs dots. Magnetic
field Bz up to 8 T was applied normal to the sample sur-
face and parallel to the direction of PL excitation and
collection (Faraday geometry).
Several individual QDs have been examined in both In-
GaAs (dots are labeled A1, A2, A3, etc. throughout the
text) and GaAs (dots are labeled B1, B2, etc.) samples to
verify the systematic nature of DNP at ultra-low optical
powers. More detailed measurements have been done for
five individual dots from each sample and yielded qual-
itatively similar results. Therefore the discussion of the
main text is focused on the data obtained from dots A1,
A2 and B1, while more experimental results obtained on
other individual dots are presented in Appendix A.
III. PHOTOLUMINESCENCE SPECTROSCOPY
OF DARK AND BRIGHT EXCITON STATES IN
NEUTRAL QUANTUM DOTS
In a neutral quantum dot electrons ↑(↓) and heavy
holes ⇑(⇓) in a spin up (down) state along the growth axis
Oz form either optically forbidden ”dark”16,23,24,40,42–51
excitons |⇑↑〉 (|⇓↓〉) with spin projection +2(−2), or
”bright” excitons |⇑↓〉 (|⇓↑〉) with +1(−1) spin projec-
tion. The structure of the exciton eigenstates in the
dot is determined by the electron-hole (e − h) exchange
interaction11,42. In quantum dots with low symmetry,
exchange interaction mixes bright and dark states16,42,52.
As a result dark excitons gain dipole oscillator strength
(due to admixture of |⇑↓〉 and |⇓↑〉 states) and become
visible in PL.
Typical PL spectra of single neutral QDs measured in
magnetic field Bz along the sample growth axis are shown
in Fig. 1 for InGaAs/GaAs (a) and GaAs/AlGaAs (b)
samples. For each QD two spectra are presented: at
ultra-low excitation power (Pexc=11 nW for InGaAs and
Pexc=3.5 nW for GaAs) and at high power (Pexc=3 µW
for InGaAs and Pexc=0.3 µW for GaAs).
We start with discussion of the spectra measured at
ultra-low powers. At these powers QD is in ”linear”
regime, i.e. PL intensity of all exciton lines depend lin-
early on excitation power Pexc (Refs.
16,53). Such regime
is realized when the total probability to find the dot oc-
cupied by an exciton (in any spin state) is much less then
unity (≪ 1). Under these conditions PL intensity of each
exciton state will be determined by two factors (i) the
probability for this state to be populated by the laser ex-
citation and (ii) non-radiative escape rate (spin-flips, or
non-radiative recombination). If the rate of non-radiative
processes is negligibly small the relative PL intensity of
each exciton state will be proportional to its initial pop-
ulation probability after the optical excitation. This is
because each exciton (dark or bright) will have sufficient
time to emit a photon if the dot is in the linear regime.
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FIG. 1. Photoluminescence (PL) spectra of neutral InGaAs
quantum dot A1 (a) and GaAs QD B1 (b) measured in ex-
ternal magnetic field applied along the sample growth axis
Bz=8 T or Bz=4 T, respectively. Two spectra are shown
for each quantum dot: at ultra-low optical excitation power
(Pexc=11 nW for InGaAs and Pexc=3.5 nW for GaAs) and
at high power (Pexc=3 µW for InGaAs and Pexc=0.3 µW
for GaAs). Spectra are normalized to have similar maximum
intensities. In a neutral quantum dot heavy hole ⇑ (⇓) and
electron ↑(↓) with spins parallel (antiparallel) to external field
can form optically allowed ”bright” states (| ⇑↓〉,| ⇓↑〉) and
forbidden ”dark” states (| ⇑↑〉,| ⇓↓〉) with total spin projec-
tions JZ = ±1 and ±2 respectively. At ultra-low excitation
powers all four (bright and dark) excitons are observed in PL.
At high powers PL of dark states is saturated and only bright
states are observed.
As a result at ultra-low powers all four possible exci-
tons have comparable PL intensities (Fig. 1). We note
that observation of dark excitons in InGaAs/GaAs and
GaAs/AlGaAs QDs at ultra-low optical powers comple-
ment the previous report for InP/GaInP quantum dots16,
demonstrating that this phenomenon is not specific to a
certain QD material system.
When optical excitation power is increased the PL of
dark excitons saturates due to their small optical recom-
bination rate. This saturation takes place when QD is no
longer in linear regime, and dark excitons can be effec-
tively depopulated via capture of a second exciton and
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FIG. 2. Magnetic field dependence of exciton PL energies in
InGaAs QD A2 (a) and GaAs QD B1 (b). Open symbols
represent bright states | ⇑↓〉 (circles) and | ⇓↑〉 (squares),
while solid symbols correspond to dark states | ⇑↑〉 (circles)
and | ⇓↓〉 (squares). Lines show fitting using Eqs. 1 allowing
electron and hole g-factors to be determined (see details in
text).
formation of a biexciton state. As a result dark excitons
have relatively small intensity compared to bright sates
at increased optical power (Fig. 1).
The dependence of PL energies of dark (Ed) and bright
(Eb) exciton states on external magnetic field Bz is
shown with symbols in Fig. 2 for InGaAs/GaAs (a) and
GaAs/AlGaAs (b) samples. We use the following model
equations for exciton energies16,42,51:
Eb = E0 + κB
2
z +
δ0
2
±
1
2
√
δ2b + µ
2
B(gh − ge)
2B2z ,
Ed = E0 + κB
2
z −
δ0
2
±
1
2
√
δ2d + µ
2
B(gh + ge)
2B2z , (1)
where µB is Bohr magneton, E0 – QD band-gap energy, κ
– diamagnetic constant, ge(gh) – electron (hole) g-factor,
δ0 is the splitting between dark and bright exciton dou-
blets and δd (δb) is the dark (bright) doublet fine struc-
ture splitting. Since the Zeeman splitting of dark (bright)
excitons is determined by the sum (difference) of ge and
gh electron and hole g-factors can be determined indepen-
dently from the experiment. The results of fitting using
Eqs. 1 are shown in Fig. 2 with lines. We find the fol-
lowing fitting parameters: κ ≈ 7 µeV/T2, δ0 ≈ 370 µeV,
δb ≈ 35 µeV, ge = −0.35 and gh = 1.9 for InGaAs/GaAs
QD A2 and κ ≈ 10 µeV/T2, δ0 ≈ 230 µeV, δb ≈ 55 µeV,
ge = 0.3 and gh = 1.8 for GaAs/AlGaAs QD B1. The
splitting δd could not be resolved and was fixed to zero
during the fitting. From the measurements on several
other dots from the same samples we find very similar
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FIG. 3. Detection of nuclear spin polarization using PL in
a single quantum dot. PL spectra of the InGaAs QD A1
measured at magnetic field Bz = 7 T and excitation power
Pexc=10 nW are shown for σ
+ (open symbols) and σ− (solid
symbols) polarized optical pumping. Logarithmic vertical
scale is used to make all dark and bright exciton PL lines
clearly visible in both spectra. At σ− polarized optical pump-
ing nuclear spin polarization is close to zero, while σ+ pump-
ing induces significant negative nuclear spin polarization an-
tiparallel to external field (see Sec. IVB). This nuclear spin
polarization shifts excitons with electron spin ↑ (↓) to lower
(higher) energies. We use the change in energy splitting of
| ⇑↓〉 and | ⇓↑〉 PL peaks as the measure of the Overhauser
shift EOHS
values of κ, δ0, ge and gh while fine structure splitting δb
changes considerably from dot to dot.
IV. DYNAMIC NUCLEAR POLARIZATION IN
NEUTRAL QUANTUM DOTS AT ULTRA-LOW
EXCITATION POWER
A. Detection of nuclear spin polarization in
quantum dots
Nonzero average nuclear spin polarization along the
external magnetic field affects QD exciton energies via
the hyperfine interaction. This effect is demonstrated in
Fig. 3 where PL spectra of the InGaAs QD A1 measured
at Pexc=10 nW in external magnetic field Bz=7 T are
shown. The two spectra were measured at σ+ and σ−
circularly polarized optical excitation leading to different
magnitudes of nuclear spin polarization on the dot (see
discussion in Sec. IVB). Nuclear spin polarization shifts
the energies of the exciton PL lines11,40: the sign of the
shift is determined by the electron spin projection (↑ or
↓) of that exciton.
In order to quantify the magnitude of the nuclear spin
polarization we use the changes of the energy splitting
between | ⇑↓〉 and | ⇓↑〉 excitons: ∆E|⇑↓〉,|⇓↑〉 = E|⇑↓〉 −
E|⇓↑〉. Since the splitting ∆E|⇑↓〉,|⇓↑〉 depends on both
magnetic field and nuclear spin polarization we determine
the Overhauser shift as a difference
EOHS = −(∆E|⇑↓〉,|⇓↑〉 −∆E
BN=0
|⇑↓〉,|⇓↑〉), (2)
where ∆EBN=0|⇑↓〉,|⇓↑〉 is the splitting of the bright exciton
doublet corresponding to zero nuclear spin polarization.
∆EBN=0|⇑↓〉,|⇓↑〉 is measured by either keeping the sample in
the dark allowing nuclear spins to relax52,54, or using res-
onant radio-frequency excitation that depolarizes nuclear
spins41,55. Note the sign convention used: EOHS > 0 cor-
responds to positive shift (increase in energy) of the exci-
tons with electron in a spin-up state ↑. The magnitude of
nuclear spin polarization can also be characterized by the
effective nuclear magnetic field BN = EOHS/(geµB). By
definition BN explicitly depends on the value of electron
g-factor ge. We also note that in this work we neglect
the effect of the hole-nuclear spin interaction, since its
net contribution to EOHS is less than 5% in the studied
structures40,56.
The total Overhauser shift EOHS is a sum of the Over-
hauser shifts produced by different isotopes constituting
the dot. The contributions of different isotopes can in
principle be separated using nuclear magnetic resonance
(NMR) techniques41. However the phenomena described
in this work are not directly dependent on the way EOHS
is distributed between isotopes and thus we characterize
nuclear spin polarization degree using total Overhauser
shift EOHS .
B. Dynamic nuclear polarization at ultra-low
optical powers in InGaAs quantum dots
We now turn to the analysis of the mechanisms of the
optically induced dynamic nuclear polarization in the
studied quantum dots. For that we perform a series
of power-dependent measurements on a set of different
quantum dots at different magnetic fields Bz. In each
measurement optical excitation power Pexc is stepped
from high to low values in a wide range of more than
six orders of magnitude. After changing Pexc the power
is kept at this level for ∼5 sec before PL spectrum is taken
which is sufficient to achieve the steady-state nuclear po-
larization and eliminate any transient effects. From these
spectra PL intensities of excitons as well as the Over-
hauser shift EOHS are deduced as a function of Pexc.
The results of such an experiment done on InGaAs QD
A2 at Bz = 7 T are presented in Fig. 4(a) for σ
+ polar-
ized optical pumping (open symbols) and σ− pumping
(solid symbols).
PL intensities of all four exciton transitions are shown
in the top part of Fig. 4(a) (left scale). The intensities
of bright excitons saturate at a power of ∼80 µW, while
dark excitons saturate at much lower power < 5 µW due
to their significantly smaller oscillator strengths.
The power dependence of nuclear polarization in the
same measurement is shown in the bottom part of Fig.
4(a) (right scale). Two distinct regimes can be observed.
High-power DNP (Pexc & 5 µW) is characterized by
monotonic power dependence and direct correspondence
between the helicity of the light and the direction of the
resulting nuclear field. Such pattern in the DNP power
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FIG. 4. (a) Results of power dependence measurements on
InGaAs neutral quantum dot QD A2 at Bz = 7 T under
σ+ (open symbols) and σ− (solid symbols) optical pump-
ing. PL intensities of all bright and dark exciton states are
shown at the top of the graph (left scale). Overhauser shift
EOHS = −(∆E|⇑↓〉,|⇓↑〉 − ∆E
BN=0
|⇑↓〉,|⇓↑〉
) is shown at the bot-
tom of the graph with diamonds (right scale). Additional
scale on the right shows effective nuclear field BN . Vertical
dashed line at Pexc ∼ 5 µW shows an approximate boundary
between two distinct nuclear spin pumping mechanisms: low-
power DNP via second order recombination of dark excitons
and high-power DNP due to spin transfer from spin polarized
excitons/electrons (see explanation in the text). (b) Contour-
plot of the power dependence of EOHS on Pexc and Bz mea-
sured for QD A2 under σ+ optical pumping. Low-power DNP
is observed in a range of large magnetic fields with the maxi-
mum |EOHS| achieved at Bz = 7 T and Pexc ≈ 100 nW.
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FIG. 5. Energy level diagram of a neutral exciton in an In-
GaAs/GaAs QD at high magnetic field Bz ∼ 7 T. Vertical
arrows show circularly polarized optical transitions due to re-
combination of the bright | ⇑↓〉 and | ⇓↑〉 excitons. Zigzag
arrows show transitions between dark (| ⇑↑〉 and | ⇓↓〉) and
bright excitons induced by electron-nuclear hyperfine inter-
action. Two second-order processes K+ and K− are high-
lighted: each process starts from a QD populated by a dark
exciton (| ⇑↑〉 or | ⇓↓〉 respectively) and changes total nu-
clear spin polarization on the dot by +1 or -1 respectively
(see detailed explanation in Sec. IVB).
dependence is well studied3,16,38,57. In this regime σ+
(σ−) optical pumping results in negative (positive) Over-
hauser shift EOHS which exceeds −100 µeV (+120 µeV),
corresponding to effective nuclear field in excess of +4 T
(−5 T). However these large values of EOHS are achieved
only at very large pumping powers Pexc ∼ 1000 µW for
which exciton luminescence is saturated and suppressed
(Fig. 4). Thus high-power DNP can not be ascribed
to ground state excitons and is likely to be a result of
nuclear spin polarization transfer from delocalized spin
polarized electrons in the wetting layer or highly excited
QD states16.
A significantly different nontrivial pattern is observed
in the low-power DNP regime (Pexc . 5 µW). At σ
+
pumping Overhauser shift depends non-monotonically on
the excitation power with minimum EOHS ≈ −80 µeV
observed at a very low power of Pexc ≈ 100 nW. We
note that with the high-power DNP the same magnitude
of EOHS can only be achieved for excitation powers at
least 3000 times higher.
Significant nuclear spin polarization observed at low
excitation powers can be explained by nuclear spin pump-
ing via second-order recombination of the dark excitons.
This mechanism is similar to that observed in InP/GaInP
dots as reported in our previous work (Ref.16). Fig-
ure 5 gives a schematic explanation. DNP takes place
via transfer of spin polarization from electrons to nuclei
which requires electron to flip its spin. In neutral exci-
tons this requires conversion from a bright to a dark state
or vice versa. The electron spin-flips going in opposite di-
rections lead to increase or decrease of the total nuclear
6spin polarization. However dark states have significantly
longer lifetimes making the processes starting from dark
states dominant.
There are two such processes16,23. The first one de-
noted K+ in Fig. 5 is possible if QD is occupied with
| ⇑↑〉 dark exciton: electron can make a virtual flip con-
verting exciton into a | ⇑↓〉 bright state and simulta-
neously increasing total nuclear spin polarization by +1
(zigzag line in the left half of Fig. 5). At the second
stage the virtual | ⇑↓〉 exciton recombines emitting σ+
polarized photon. The other process (K−) starts from
the | ⇓↓〉 dark exciton and goes via virtual | ⇓↑〉 state
(zigzag line in the right half of Fig. 5). As a result of
this process σ− photon is emitted and the total nuclear
spin polarization is changed by −1. The K+ and K− in-
duce nuclear spin polarization of opposite signs, thus the
sign of the overall nuclear spin pumping is determined by
the process with larger pumping rate.
The nuclear spin pumping rate of each of these second
order processes is proportional to two quantities16: (i)
population probability of the initial dark state, largely
determined by laser circular polarization (optically ex-
cited holes rapidly lose their polarization during energy
relaxation, while electrons maintain their spin resulting
in optical orientation of dark excitons evidenced by de-
pendence of PL intensities on excitation helicity as seen
in Fig. 4(a)). (ii) the probability of the virtual electron-
nuclear flip-flop, which in turn is inversly proportional
to the square of the splitting between the initial and
intermediate states [∝ ∆E−2|⇑↓〉,|⇑↑〉 for process K
+ and
∝ ∆E−2|⇓↓〉,|⇓↑〉 for process K
−].
At high magnetic field [Bz ∼ 7 T as in Fig. 4(a)]
neutral exciton spectrum is asymmetric: ∆E|⇓↓〉,|⇓↑〉 <
∆E|⇑↓〉,|⇑↑〉 (for QD A2 at Bz = 7 T we have
∆E2|⇓↓〉,|⇓↑〉/∆E
2
|⇑↓〉,|⇑↑〉 ∼ 1/5). As a result the efficiency
of the K− process is enhanced, leading to asymmetry
in low-power DNP. Furthermore at σ+ optical pumping
| ⇓↓〉 exciton is more populated than | ⇑↑〉 (this can be
inferred from PL intensities shown in Fig. 4(a): in the
limit of low powers PL intensity of the | ⇓↓〉 exciton is
a factor of ∼10 larger than that of | ⇑↑〉). As a result
K− process dominates over K+ and leads to large nega-
tive EOHS ∼ −80 µeV observed at low excitation power
Pexc ∼ 100 nW. By contrast at σ
− pumping the | ⇑↑〉
is more populated favoring the K+ process (PL intensity
of the | ⇑↑〉 exciton is a factor of ∼70 larger compared
to | ⇓↓〉). This however, is partially compensated by the
large splitting ∆E|⇑↓〉,|⇑↑〉 of the initial and intermediate
states involved in K+ process. As a result of this par-
tial compensation the overall Overhauser shift does not
exceed EOHS ≈ +15 µeV for σ
− excitation.
In order to examine further the mechanism of DNP in
neutral InGaAs quantum dots we have performed a series
of power-dependent measurements at different magnetic
fields Bz. The results for QD A2 are shown in a contour
plot in Fig. 4(b) where EOHS is plotted as a function
of Pexc and Bz. It can be seen that EOHS induced at
low-powers (Pexc ∼100 nW) increases significantly with
magnetic field and reaches its maximum at Bz ≈ 7 T.
Such observation is in agreement with our interpreta-
tion that low-power DNP is dominated by the second
order recombination of the | ⇓↓〉 exciton: as expected
the ∆E|⇓↓〉,|⇓↑〉 splitting reduces with magnetic field [Fig.
2(a)] significantly enhancing the efficiency of the K− pro-
cess. By contrast the maximum |EOHS | achieved in the
high-power DNP (Pexc >100 µW) is only weakly depen-
dent on magnetic field once it exceeds Bz & 2 T.
Thus we conclude that the low-power DNP observed
for InGaAs/GaAs dots (Fig. 4) has the same origin as
low-power DNP previously observed in InP/GaInP QDs
and the model developed in Ref.16 can be applied to In-
GaAs dots. There are, however, some differences in DNP
induced by dark excitons in InP and InGaAs dots that
are worth pointing out:
(i) In InGaAs dots K− is the most efficient process
resulting in large negative Overhauser shift EOHS . By
contrast in InP dots DNP via dark excitons induces pos-
itive EOHS . This is due to the difference in electron and
hole g-factors resulting in a different energy level struc-
ture: in contrast to InGaAs in InP dots the ∆E|⇑↓〉,|⇑↑〉
splitting is smaller than ∆E|⇓↓〉,|⇓↑〉 resulting in higher
efficiency of the K+ process in InP.
(ii) In InP dots light-polarization-independent nuclear
spin pumping is observed: EOHS is positive for any de-
gree of circular polarization of light (including pure σ+
and σ−), whereas the sign of low-power DNP in InGaAs
dots is controlled by the light helicity as described above.
Such difference can be explained by much higher fidelity
of optical orientation of the electron spin in InGaAs dots
compared to InP: in InGaAs dots PL intensity of the
dark states changes by a factor of ∼20 when excitation
is changed between σ+ and σ− (Fig. 4). By contrast for
InP dots this factor does not exceed ∼3, and the balance
between K+ and K− is controlled by the energy splitting
of the initial and intermediate states rather than by the
population of the initial states.
(iii) The low-power DNP process is generally more ef-
ficient in InGaAs dots. The maximum absolute value
of the Overhauser shift is found to vary in the range
EOHS ∼ −80 ÷ −50 µeV in different quantum dots in
the same InGaAs sample (see Appendix A) while for InP
we previously observed maximum EOHS ∼ 20÷ 30 µeV.
Such difference can be explained qualitatively if we as-
sume significantly longer dark exciton lifetime in MBE-
grown InGaAs dots compared to lower-quality MOVPE-
grown InP dots, where dark state population decays due
to charge fluctuations resulting from a high level of im-
purities. Further insight in this direction can be achieved
by experiments on QD-structures where dark exciton life-
time can be manipulated directly and independently (e.g.
using electric bias in Schottky-diode structures or using
microwave excitation).
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FIG. 6. (a) Results of power dependence measurements on
GaAs neutral quantum dot QD B1 at Bz = 8 T under σ
+
(open symbols) and σ− (solid symbols) optical pumping. PL
intensities of all bright and dark exciton states are shown at
the top of the graph (left scale). Overhauser shift EOHS is
shown at the bottom of the graph with diamonds (right scale).
Additional scale on the right shows effective nuclear field BN .
(b) Contour plot of the power dependence of EOHS on Pexc
and Bz measured for QD B1 under σ
+ optical pumping.
C. GaAs quantum dots: Modification of the
low-power DNP due to electron-hole exchange
interaction
We have also performed power dependence measure-
ments on GaAs/AlGaAs QDs at different magnetic fields.
The results for QD B1 are shown in Fig. 6. Similar to In-
GaAs dots two regimes in DNP are clearly observed. The
low-power DNP mechanism reaches its peak efficiency at
Bz ≈ 8 T, Pexc ≈ 10 nW resulting in EOHS ≈ 40 µeV at
σ+ polarized optical pumping.
There is a significant difference in the results for GaAs
dots compared to InGaAs: it follows from Fig. 6 that
low-power DNP via dark excitons leads to negative EOHS
in GaAs dots despite the fact that high magnetic field
reduces the ∆E|⇑↓〉,|⇑↑〉 splitting [see Fig. 2(b)] which
should in principle enhance theK+ process efficiency and
lead to a net positive EOHS . Furthermore, it can be seen
from Fig. 6(a) that low-power DNP is more efficient at
σ+ pumping which also results in increased population of
the | ⇓↓〉 dark state. This allows us to conclude that low-
power DNP in QD B1 is dominated by the K− process
despite its large splitting ∆E|⇓↓〉,|⇓↑〉 of the initial and
intermediate states.
These seemingly contradicting results can be explained
if we take into account the role of anisotropic electron-
hole exchange (Coulomb) interaction which has no signif-
icant effect in case of InGaAs dots. Quantum dot sym-
metry reduction can lead to mixing of bright and dark
states: such mixing manifests itself as repulsion and an-
ticrossing of the bright and dark lines in PL spectra mea-
sured in magnetic field along the growth axis42,58. In the
studied GaAs dots anticrossing of the | ⇑↑〉 and | ⇑↓〉
states takes place at Bz > 8 T and thus could not be
observed directly. However dark-bright mixing manifests
itself as increased saturated PL intensity of the | ⇑↑〉 state
compared to | ⇓↓〉 at Bz = 8 T (see Fig. 6(a)).
As we have shown previously for InP dots the dark-
bright mixing resulting from low-symmetry exchange in-
teraction suppresses low-power DNP near the anticross-
ing point. Such suppression results from reduction of
the dark exciton lifetime and reduction of the electron
spin projections of the exciton eigenstates16. In InP and
InGaAs dots dark-bright mixing results in reduction of
|EOHS | induced by the dominant second-order process
(K− in InGaAs dots and K+ in InP) in the small vicin-
ity of the anticrossing point: in InGaAs QD A2 |EOHS |
decreases when magnetic field is increased from 7 T to
8 T despite reduction of the ∆E|⇓↓〉,|⇓↑〉 splitting (see
Figs. 2(a) and 4 (b)). By contrast in GaAs dot B1 the
effect of the exchange interaction is much stronger and it
completely suppresses the K+ process making K− dom-
inant and resulting in negative EOHS in the whole range
of magnetic fields used (see Fig. 6(b)). Thus the in-
crease of |EOHS | at Bz = 8 T observed in QD B1 is due
to suppression of the process with the small dark-bright
splitting (K+) which makes the process with larger dark-
bright splitting (K−) dominant.
Dark-bright mixing induced by exchange interaction
depends strongly on the dot symmetry and thus can
change significantly from dot to dot in the same sample42.
As a result the magnitude of the low-power DNP also
changes appreciably which has been observed in the mea-
surements performed on several GaAs dots (see Appendix
A). In particular we find that for some GaAs dots EOHS
induced in the low-power regime changes sign and be-
comes positive implying that dark-bright mixing in such
dots is reduced compared to QD B1. On the other hand
measurements on several InGaAs dots reveal very close
values of EOHS of the same sign supporting our interpre-
8tation that low-symmetry exchange interaction is small
in the studied InGaAs dots.
V. CONCLUSIONS
We have studied experimentally dynamic nuclear po-
larization under ultra-low power non-resonant optical ex-
citation in individual InGaAs/GaAs and GaAs/AlGaAs
quantum dots. We have demonstrated that nuclear spin
pumping via second-order recombination of dark neu-
tral excitons previously observed in InP/GaInP dots16
has a general nature and is found in InGaAs/GaAs and
GaAs/AlGaAs dots. In InGaAs dots low-power optical
pumping is found to lead to large Overhauser shifts up
to ∼ 80 µeV. In GaAs dots low-power DNP is systemat-
ically found to be less efficient than in InGaAs dots: we
attribute this to the dark-bright exciton mixing stem-
ming from the low-symmetry electron-hole exchange in-
teraction. We find that the varying magnitude of the
dark-bright mixing in different individual GaAs/AlGaAs
dots leads to variations in the magnitude of the Over-
hauser shift including the change of its sign.
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Appendix A: Additional experimental results on
dynamic nuclear polarization in neutral QDs at
ultra-low power optical pumping
In order to verify systematically the nature of the low-
power DNP we have performed power dependent mea-
surements on a set of few individual quantum dots in the
same InGaAs/GaAs and GaAs/AlGaAs samples. Fig. 7
shows the results for three more InGaAs dots A1, A3 and
A4 (a-c) and two more GaAs dots B2 and B3 (d,e).
For InGaAs dots we find results very similar to dot
A2 (Fig. 4): low power DNP results in peak EOHS ≈
−70 µeV observed for σ+ optical pumping at Bz = 8 T.
By contrast, we find different behavior for different GaAs
dots. In QD B2 we find negative EOHS for both σ
+
and σ− optical pumping suggesting that similar to the
case of QD B1 dark-bright exciton mixing strongly sup-
presses the K+ process. On the other hand in QD B3 we
find that the sign of the low-power DNP is controlled by
the helicity of the optical excitation: under σ− pumping
which enhances | ⇑↑〉 initial population the K+ becomes
dominant leading to EOHS > 0. The recovery of the K
+
process observed in QD B3 can be explained by the re-
duction of the anisotropic e − h exchange interaction in
this dot.
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